Clibanarius virescens (Krauss, 1843 ) is one of the most common and abundant hermit crabs in South Africa and in the Indo-West Pacific region, but little is known about its population structure or breeding in Africa. Cape Recife, South Africa, is the south-western limit of its distribution and was sampled over a 13-month period to determine shell use, population structure, reproductive output and breeding period of C. virescens. Shells of 17 gastropod species were found in use with Burnupena lagenaria predominating (73.4% of shells used). Males and females appear to partition the shell resource. Males use larger shells of the same types as females, but also use different suites of shells. The sex ratio is 1 : 1.77 in favour of females, but males dominate the largest size classes. The breeding season occurs from mid-December to mid-July and ovigery correlates closely to sea surface temperature. Clutch size correlates strongly to crab size and shell volume. The population of C. virescens at Cape Recife has similar patterns of shell use as at other localities in Africa, but shows much larger clutch sizes than previously recorded in South Africa. This indicates that its life-history strategy at Cape Recife may differ from that at other localities within its range.
INTRODUCTION
Most hermit crabs are obligatory users of gastropod shells during some phase of their lifetime (Hazlett, 1981) , and there is often clear partitioning of the shell resource between male and female hermit crabs (Benvenuto and Gherardi, 2001; Turra and Leite, 2001) , with males and females often using shells of different species or using different sizes of the same shell species (Rodrigues et al., 2000) . Shells with large internal volumes and light weight allow faster growth rates than heavy, low-volume shells (Bertness, 1981) . Males tend to use such shells to maximise growth, as mating success among males is positively related to size (Hazlett, 1989 (Hazlett, , 1996 . Shell volume directly affects female fecundity because the volume of eggs that are, or can be, brooded by a female hermit crab is limited by the volume of the shell inhabited (Hazlett, 1981; Mantellato and García, 1999; Turra and Leite, 1999) . Clutch size can also be affected by shell weight as well as internal volume (Fotheringham, 1976) . In some hermit crab species, shell size determines whether females will reproduce or not (Hazlett et al., 2005) . There is a trade-off between shell features chosen by the crabs and the fitness conferred by the particular shell feature. For example, a heavy shell may reduce the risk of predation, but may have a cost in terms of energy available for growth or reproduction (Bertness, 1981) .
If these phenomena pertain to any given population, they will lead to some specific predictions. First, male hermit crabs would be expected to attain larger sizes than fe- * Corresponding author; e-mail: michellewait.mw@gmail.com males and to use shells with larger absolute sizes or different mass-to-volume ratios than females. More specifically, males within the same size range as females are expected to use larger shells, as males of any size should attempt to obtain shells that are large enough to facilitate optimum growth rates. Comparisons of shell-use patterns by ovigerous females and non-ovigerous females in the same size range as ovigerous females provide insights into why some females of a particular size successfully produce eggs while others do not. If non-ovigerous females attempt to maximise growth, it is expected that they will occupy relatively larger shells than ovigerous females, which will have opted to invest in immediate rather than deferred reproduction. Alternatively, if non-ovigerous females are simply those females that have failed to reproduce because they have not obtained suitable shells, it would be expected that nonovigerous females would be in smaller shells than ovigerous females.
Several hermit crab populations show a pattern where small size classes have equal proportions of males and females, intermediate sizes have a larger proportions of females than males, and large size classes are composed entirely of males (Fotheringham, 1975; Fransozo and Mantelatto, 1998; Martinelli et al., 2002; Mantelatto et al., 2007) . Overall, some hermit crab populations also tend to show a sex ratio skewed towards females Leite, 1999, 2000; Litulo and Tudge, 2005; Mantelatto et al., 2005) , while in others the sex ratio is no different from unity (Gar-cía and Mantelatto, 2001) ; populations are seldom dominated numerically by males.
Clibanarius virescens (Krauss, 1843) is described by Lewinsohn (1982) as the most frequently encountered hermit crab in the Indo-West Pacific region, but the only available data on the species from South Africa relates to shell-use patterns in KwaZulu-Natal (Reddy and Biseswar, 1993 ) and the Transkei region (Nakin and Somers, 2007) . The only available population data for this species is from Japan (Imazu and Asakura, 1994; Wada et al., 2005) , probably the northern-most limit of its distribution in the Indo-Pacific region. Here, we report on similar data collected from Cape Recife, South Africa, which represents the south-western distribution limit of C. virescens in the Indo-Pacific region. Specifically, we examine shelluse patterns within the population, describe the population structure and determine the reproductive pattern and output of C. virescens at Cape Recife during a 13-month period.
The central aim of this work is to test the generality of the predictions listed above in respect of shell-use patterns for this hermit crab population at the edge of its distributional limit. Subsidiary aims include examining the population structure of C. virescens at Cape Recife to determine the ratio of males to females and whether this ratio changes among size classes and with time of year. The number of eggs produced by female hermit crabs is predicted be related to crab size (shield length and mass) as well as to shell mass and volume. Finally, relationships between breeding patterns and sea surface temperature are studied.
MATERIALS AND METHODS

Sampling Locality and Collection Method
Cape Recife (34
• 01 48 S, 25
• 42 18 E) ( Fig. 1) forms the western headland of Algoa Bay, a large bay with a logarithmic-spiral shape typical of south coast bays in South Africa (Roberts, 2010) . Sea water temperature within the bay is affected mainly by the predominantly south-westerly wind regime, but it occasionally meanders from the warm Agulhas current enter the bay (Goschen and Schumann, 1994; Roberts, 2010) . Sea surface temperatures vary by about 5°C from 22°C in summer to 16°C winter (Lutjeharms, 1998) . The south-eastern coast experiences semidiurnal tides with microtidal amplitudes of less than 2 m (Heydoorn and Tinley, 1980) .
The sampling locality was situated on the north side of Cape Recife and hermit crabs were collected in proximity to a man-made breakwater. The locality had sand above the high-tide mark and stretches of flat rock with large, shallow mid-tidal rock pools in the intertidal zone. The rock flats were interspersed with areas of loose boulders. The beach often had empty shells washed up at the high-tide mark. Diloma spp., especially Diloma sinensis, were very common both as empty shells and as live gastropods. The man-made breakwater allowed an unusually large number of Burnupena lagenaria to occur at the locality; these whelks were often seen clustered on the more shaded southern side of the breakwater, at the base of the wall. However, empty shells in the rocks pools inhabited by the crabs were rare. The sampling area was also home to large numbers of the sand hermit crab, Diogenes brevirostris Stimpson, 1858, which occurred further up the shore, was always associated with sandy substrates, and was more abundant than C. virescens at this locality. Potential predators of hermit crabs at this locality include other crabs such as the common rock crab, Plagusia chabrus (Linnaeus, 1758) , octopus and several fish species, but as the diets of these predators are not well studied it is impossible to predict their effect on the hermit crab populations at Cape Recife.
This study did not focus on spatial distribution or relative population densities and therefore crabs were sampled by collecting all visible animals, irrespective of size, by hand. Crabs tended to cluster in and around rock pools at the mid-tidal level, and care was taken to collect all crabs in a cluster and not to overlook small crabs. Crabs were sampled once every two weeks within two days of spring tides, from 31 October 2001 to 3 October 2002. Sampling always started between 09:00 and 10:30, as spring low tides occur within this time range at Cape Recife. Crabs could only be collected for 60 to 90 minutes (depending on conditions) while rocks pools were safely accessible and the pools were searched several times during this period. Approximately 50 crabs were collected per sampling session, placed together in a single container, transported back to the laboratory and frozen on arrival. Any empty shells in the rock pools were also collected in a separate container, but these were rare. The transport period seldom exceeded 15 minutes and it was unlikely that shell exchange took place during this period.
Laboratory Analysis
Crabs were extracted from their shells and the cephalothoracic shield length (hereafter referred to as shield length) was measured to the nearest 0.01 mm under a dissecting microscope using a calibrated ocular micrometer. The shield is the only part that is calcified (McLaughlin, 1980) , and is used as a standard reference measurement in many studies (Manjón-Cabeza and García, 1999) . Shield length is measured from the tip of the rostrum to the midpoint of the posterior margin of the shield (McLaughlin, 1980) . Crabs were sexed as male or female using gonopore position. Gonopores are found on the coxae of the third pereiopods of females and on the coxae of the fifth pereiopods of males (McLaughlin, 1980) . Where no gonopores could be clearly distinguished, the crabs were classed as juvenile. Where one or two of both male and female gonopores were clearly present, the individual was classed as intersex (Turra, 2004) . Crabs and eggs were dried at 60°C until a constant mass was achieved and were weighed on an electronic balance to 0.0001 g. This method was chosen as it minimises the volatilisation of lipids from the drying samples (Hines, 1982) .
Eggs were carefully stripped off the pleopods of ovigerous females with forceps. The eggs were counted and, if they were in excellent condition (undistorted eggs with unbroken egg envelopes), a maximum of 10 eggs per female was measured (Fotheringham, 1980) . The greatest distance across the diameter of the yolk mass was measured. Eggs were classified into four developmental stages derived from the methods of Boolootian et al. (1959) . Stage 1 showed no sign of development. Stage 2 had embryos with small crescentshaped eyes and some chromatophore development. Stage 3 had embryos with larger, oval eyes and some limb development, but retained some yolk. Stage 4 had embryos with no yolk and showed clear limb development.
Shells were identified to species wherever possible using shell guides by Kilburn and Rippey (1982) and Steyn and Lussi (1998) , and their tidal habitat was identified using Kilburn and Rippey (1982) . Where shells were too badly worn or damaged to be identified, they were classified as fragments. Shell length, width and aperture width were measured to the nearest 0.02 mm with Vernier callipers. Shell length was measured as the columellar length and shell width as the maximum width of the body whorl perpendicular to the aperture opening (sensu Kellog, 1976) . Shells were allowed to air-dry before being weighed to 0.0001 g. Internal shell volume was determined using acidwashed sand (grain diameter 0.1 to 0.3 mm), based on the methods of Fotheringham (1976) and Brown et al. (1993) . In cases where crabs could not be extracted from their shells, the shells were measured and then carefully cracked open in a bench vice so as not to damage the crab. In such instances, the dry shell shards were collected and weighed.
Statistical Analysis
The most commonly used shells were identified. Shell use by the crab population was analysed according to the following groupings: all sampled crabs, males, all females, juveniles, intersex, ovigerous females, all non-ovigerous females (collected throughout the year) and non-ovigerous females collected during the breeding season and within the same size range as ovigerous females (hereafter referred to as BS non-ovigerous females).
Log-likelihood ratio tests (G-tests) were used to determine whether there was a difference in the frequency of use between shells of different species across the categories of sex, month or female reproductive state. Analysis of variance (ANOVA) was used to determine whether there were significant differences in shell dimensions among months, and post hoc tests were carried out using Tukey's 'honest significant difference' (HSD) test. The relationship of volume to mass was determined for commonly used shells by regression and analysis of covariance (ANCOVA) was used to test the relationship of volume to mass by species for the most commonly used shells. ANCOVA was also used to compare shell dimensions by reproductive state for shells of the most commonly used species.
A log-likelihood ratio test (G-test) was used to determine whether the frequency of males and females was dependent on month. A Chi-squared goodness of fit test was used to determine whether the numbers of males and females departed significantly from a ratio of 1 : 1. Shield lengths among crab groupings and among months were compared by ANOVA, using post hoc tests (Tukey's HSD test) to further elucidate differences.
The duration of the reproductive period was determined by noting the first and last sample dates at which ovigerous females occurred. The proportions of ovigerous females for each month regressed against sea-surface temperatures for Algoa Bay (obtained from the South African Weather Services) for the same period. The relationship of ovigery to sea surface temperature was compared both for the month in which the sample was taken (i.e. January's proportion of ovigerous females compared to January's sea temperature) as well as with a lag time of one month (i.e. January's proportion of ovigerous females compared to December's sea temperature).
The proportions of eggs in different stages of development were determined for each month. The effect of egg stage on the relationship of egg number to crab shield length, crab mass, shell mass or shell volume was determined by ANCOVA. The number of eggs produced was regressed against crab and shell dimensions. The number of eggs produced by a female may show a heterogenous response to any of the measured predictors (such as crab or shell variables) or may be a response to unmeasured factors or combinations of the measured factors (Cade et al., 1999) . In such cases, quantile regression is particularly useful (Cade and Noon, 2003) and was used to determine the upper limit of the relationship between the number of eggs produced and the predictors.
Egg size was analysed to determine whether there was a relationship between egg size and crab shield length, crab mass, shell mass, shell volume and egg number. ANOVA was used to test whether egg size varied among samples and whether number of eggs varied among stages.
RESULTS
Shell Use Patterns
Clibanarius virescens used shells of 17 gastropod species at Cape Recife. The five most commonly used shells were Burnupena lagenaria (74.3% of total shells used), Clionella bornii (6.7%), B. cincta (6.0%), Cominella elongata (4.0%), and Clionella kraussii (2.6%). These five species made up 93.6% of all shells used.
The use of Burnupena lagenaria dominated during all months (Fig. 2) , but the frequency of use of the five most common shells was not statistically independent of month, i.e. the frequency of use varied among months (G = 225.99, P < 0.001, DF = 48). Analysis of variance (ANOVA) showed that there were significant differences in shell dimensions among months (shell length: F = 9.64, DF = 12 on 1136, P < 0.001, width: F = 7.15, DF = 12 on 1136, P < 0.001, aperture width: F = 18.96, DF = 12 on 1136, P < 0.001, mass: F = 10.87, DF = 12 on 1136, P < 0.001 and volume: F = 9.05, DF = 12 on 1011). Tukey's HSD test showed that C. virescens used significantly longer shells during December, January and February (Fig. 3) . Shell width, aperture width, mass and volume showed similar results as shell length. Crabs used more small shells such as Clionella spp. and Cominella elongata during winter (Fig. 2) .
Male and female Clibanarius virescens used the same five shell species, but in different proportions (Fig. 4) . The frequency of shell use was not independent of sex (G = 30.02, P < 0.001, DF = 4), even when males and females in the same size range were compared (G = 22.17, P < 0.001, DF = 4).
For all shell dimensions, male crabs used shells with larger mean dimensions than females. Differences in shell dimensions between all males and all females were significant for shell length (F = 17.01, DF = 1 on 1147, P < 0.001), width (F = 54.27, DF = 1 on 1147, P < 0.001), aperture width (F = 66.57, DF = 1 on 1147, P < 0.001), mass (F = 56.44, DF = 1 on 1147, P < 0.001) and volume (F = 81.72, DF = 1 on 1022, P < 0.001). Between males and females in the same size range, shell width (F = 12.15, DF = 1 on 1108, P < 0.001), aperture width (F = 24.61, DF = 1 on 1108, P < 0.001), mass (F = 15.74, DF = 1 on 1108, P < 0.001) and volume differed (F = 26.38, DF = 1 on 986, P < 0.001), while shell length did not (F = 0.56, DF = 1 on 1108, P = 0.456). Even within the same size range, males used shells with larger dimensions than females. Both male and female C. virescens used mainly Burnupena lagenaria, despite it having the lowest volume-to-mass ratio of the five most commonly used shells. Females used a larger proportion (16.4%) of highspired Clionella and Cominella shells, than males (6.0%) (Fig. 4) . Large males occasionally (4.3%) used low-spired, high-volume shells such as Diloma (Oxystele) tigrina, D. sinensis and Turbo cidaris, while females rarely (0.7%) used them.
Twenty-five juvenile crabs were collected. Of the shells used by juveniles (Fig. 4) , Burnupena lagenaria comprised 32.0%; Clionella bornii, 16.0%; C. kraussii, 24.0%; Colina pinguis, 12.0% and two juveniles (8.0%) were found in damaged fragments. Seven intersex crabs were collected during the sampling period; one was found in Burnupena cincta (14.3%), five were in B. lagenaria (71.4%) and one was in a shell fragment (14.3%).
Both slopes and intercepts of the relationship of volume to mass by species of the most commonly used shells, including the Diloma and Turbo spp., varied significantly among shell species (F = 17.74, DF = 1 on 1004, P < 0.001). Data for Clionella bornii and Clionella kraussii were grouped for analyses as shells of these species showed no significant difference when compared by species for the relationship of shell width (F = 1.53, DF = 1 on 85, P = 0.220), aperture width (F = 0.93, DF = 1 on 85, P = 0.337), mass (F = 0.14, DF = 1 on 85, P = 0.712) or volume (F = 0.72, DF = 1 on 39, P = 0.400) to shell length. Diloma and Turbo spp. had the largest volume-to-mass ratio, followed by order by Cominella elongata, Burnupena cincta, the grouped Clionella spp. and Burnupena lagenaria. Although, Cominella elongata and the Clionella spp. had larger volume-to-mass ratios where their size ranges overlapped than Burnupena cincta and B. lagenaria respectively, C. elongata and the Clionella spp. did not attain the same sizes as B. cincta and B. lagenaria.
Shell use by ovigerous and BS non-ovigerous (females collected during the breeding season and within the same size range as ovigerous females) females showed that the shell species used was independent of reproductive state of female crabs (G = 5.22, P > 0.5, DF = 4). Ovigerous females and BS non-ovigerous females used mainly shells of Burnupena lagenaria (Fig. 4) . Comparison of shell dimensions for B. lagenaria, show that the intercepts of the relationships of shell width to shell length, and shell volume to shell length differed significantly (Table 1) between ovigerous and BS non-ovigerous females. This indicated that ovigerous females occupied wider and more voluminous shells than BS non-ovigerous females, even within shells of the same gastropod species.
Population Parameters
The C. virescens population sampled at Cape Recife comprised 35.1% males, 62.2% females, 2.1% juveniles and 0.6% intersex individuals. The largest size classes (7.0 to 7.9 and 8.0 to 8.9 mm) contained only males, except for one intersex individual in size class 7.0 to 7.9 mm (Fig. 5) . During the breeding season 56.3% of females were ovigerous. The size-frequency distribution for the sampled population was unimodal (Fig. 5) . The frequency of males to females was not independent of month (G = 41.5, DF = 12, P < 0.001). Males and females departed significantly from a 1 : 1 ratio except during May (χ 2 = 0.08, DF = 1), June (χ 2 = 1.76, DF = 1) and September 2002 (χ 2 = 0.55, DF = 1). Males and females departed significantly from a 1 : 1 ratio for all size classes except 1.0 to 1.9 mm (χ 2 = 0.06, DF = 1), the smallest size class in which they both occur. The overall sex ratio for the population over the entire sampling period was 1 : 1.77 in favour of females.
The maximum size reached by a male crab was 8.50 mm and by an ovigerous female (also the largest female) was 6.50 mm. The smallest size recorded was for a juvenile (1.19 mm), and the smallest ovigerous female had a shield length of 2.80 mm. There was a significant difference in the shield lengths among males, all females, all nonovigerous females, BS non-ovigerous females and ovigerous females (F = 41.81, DF = 4 on 2053, P < 0.01). Post-hoc multiple comparisons among these crab groups showed that males had a significantly larger mean shield length than all females, all non-ovigerous females and BS non-ovigerous females (Fig. 6) . However, the mean shield length of males was not significantly different from that of ovigerous females.
Except for the group comprising all non-ovigerous females, all crab groupings reach maximum shield length during December, January and February (Fig. 7) . Crab shield lengths were significantly larger during summer (December, January and February) than during the rest of the year for groups comprising all crabs, males, all females and BS females (Fig. 7) . Maximum sizes of all grouped non-ovigerous females occurred during November, December and January.
Mean shield lengths differed among months for all crabs (F = 16.27, DF = 12 on 1136, P < 0.001), males (F = 8.96, DF = 12 on 403, P < 0.001), all females (F = 10.18, DF = 12 on 724, P < 0.001), all non-ovigerous females (F = 9.00, DF = 12 on 470, P < 0.01) and BS nonovigerous females (F = 7.89, DF = 6 on 161, P < 0.01). Mean shield lengths of ovigerous females did not show significant differences (F = 1.58, DF = 6 on 247, P = 0.16) among months. Means of intersex and juvenile crabs were not compared owing to small sample sizes.
Reproductive Period and Output Recruitment of juveniles into the population occurred throughout the summer and winter from February to September, with the largest proportion of juveniles in a monthly sample recorded in June (Fig. 8) described as seasonal breeders that breed during summer and early winter, between mid-December and mid-June (Fig. 8) .
The proportion of ovigerous females in the population mirrored changes in sea-surface temperatures, with about a month's lag between changes in temperature and changes in the proportion of ovigerous females (Fig. 9 ). There is a significant relationship between the proportion of ovigerous females and sea surface temperature in the month in which the sample was taken (r 2 = 0.47, F = 7.16 on 1 and 6 DF, P = 0.037), but this relationship is stronger (r 2 = 0.98, F = 569.4 on 1 and 6 DF, P < 0.001) when the proportion of ovigerous females is compared to the sea temperature with a 1-month lag.
All eggs carried within a single brood were at the same stage of development. Females carried between 5 and 3024 eggs, with an average cutch size of 1136.8 eggs (n = 252, SE = 41.9). The mean number of eggs per clutch decreased with increasing embryonic development (Table 2 ), but egg stage did not significantly affect the relationship of egg number to crab shield length (F = 0.67, DF = 3 on 243, P = 0.572), crab mass (F = 1.57, DF = 3 on 243, P = 0.198), shell mass (F = 1.19, DF = 3 on 243, P = 0.311) or shell volume (F = 1.15, DF = 3 on 230, P = 0.331), therefore all eggs stages were grouped together for further analyses. The shell species used by female crabs did not affect the number of eggs produced in relation to crab shield length (F = 0.75, DF = 1 on 5, P = 0.586), crab mass (F = 0.43, DF = 1 on 5, P = 0.828), shell mass (F = 0.33, DF = 1 on 5, P = 0.895) or shell volume (F = 0.45, DF = 1 on 5, P = 0.897). There was a significant positive relationship between the number of eggs produced and each crab and shell dimension tested, but for all relationships the coefficients of determination (r 2 ) produced by linear regressions demonstrated that there was a great deal of variability in the number of eggs produced. Despite this variability, there appeared to be an upper limit to the number of eggs produced at a given crab or shell dimension (Fig. 10) . Because of the heterogenous distribution of the response variable (number of eggs) to the predictor variable (crab shield length, crab mass, shell mass and shell volume), a traditional regression model (regression line in Fig. 10 ) did not give an ecologically useful description of the relationship. Quantile regression was used to determine the relationship between number of eggs produced and predictor variables at the 98th, 90th, 75th, 50th (median) and 25th quantiles. The upper limit of the relationship between the number of eggs produced and the predictor variables was best described by regression of the 98th quantile (Fig. 10) . While female crabs can produce fewer eggs than described by this relationship, they are unlikely to produce more.
Egg stage did not have a significant effect on the relationship of egg number to crab or shell dimensions. Mean egg size did not have a strong relationship with any of the crab or shell predictors and the regressions were not significant for: crab shield length (r 2 = 0.01, F = 2.76, DF = 99, P = 0.09), crab mass (r 2 = 0.008, F = 1.88, DF = 99, P = 0.17), shell mass (r 2 = −0.006, F = 0.46, DF = 99, P = 0.50) or shell volume (r 2 = −0.009, F = 0.156, DF = 99, P = 0.69). Mean egg size did show a weak but significant relationship with number of eggs (r 2 = 0.053, F = 6.64, DF = 99, P = 0.01), with an increase in egg size as egg number decreased. 
DISCUSSION
Clibanarius virescens at Cape Recife predominantly used the shells of Burnupena lagenaria, even though shell-use patterns indicated that there were shells of at least 17 species available to them. However, shell use by a population is primarily determined by shell availability and not always by preference (Botelho and Costa, 2000; Barnes, 2005) as crabs can select only from the pool of available shells. Shell preference for C. virescens has not been examined experimentally, but Nakin and Somers (2007) found that C. virescens at three localities on the east coast of South Africa appeared to show preferences, as the frequencies of the shell species used differed from the availability of empty shells and the presence of live gastropods in the vicinity. Specifically, C. virescens showed more frequent than expected use of Burnupena cincta and B. pubescens shells. Further north in Mozambique, Barnes (1999) found that C. virescens used a unique combination of shells of 18 gastropod species out of the 42 potentially available. However this usage pattern did not demonstrate as clear a preference for shell species as other hermit crab species at the same locality. At the northern edge of its range, in Japan, C. virescens used a larger number of shell species than cooccurring hermit crab species, but none dominated shell use as Burnupena lagenaria does at Cape Recife. Shell use by C. virescens at Cape Recife is similar to the trends found in other populations in the sense that C. virescens is able to use shells of a variety of species, but appears to exhibit preferences. Although C. virescens at Cape Recife appeared to show preferences, males and females differed in terms of shelluse patterns, not only generally, but also when compared within the same size range. Specifically, at any given size, males used shells with larger mass, width, aperture and volume than females. Males therefore seem to be selecting shells that allow them to increase their growth rate and thus achieve larger sizes than females. This behaviour may increase fitness in male crabs as large males can obtain more matings than smaller males (Harvey, 1990) and can guard larger females (Yoshino et al., 2004) , which are capable of producing more eggs (Fotheringham, 1976; and current study) . These patterns are known from several hermit crab populations (Harvey, 1990; Wada, 1999; Turra and Leite, 2000; García and Mantelatto, 2001; Mantelatto and Martinelli, 2001 ) and very likely explain the sex-related differences in shell use Cape Recife.
Females use a higher proportion of the shells of Cominella elongata and Clionella spp. than males. Shells from these species have larger volume-to-mass ratios, but they reach smaller absolute sizes than B. lagenaria. Although large volume-to-mass ratios may allow rapid growth in small crabs, the small absolute sizes of Cominella elongata and Clionella spp. may potentially limit growth of females of reproductive size that use them. Females in larger shells reach larger sizes and larger females are capable of producing more eggs than small females (Fotheringham, 1976; and current study) . In particular, females in lightweight, highvolume shells are capable of producing more eggs than females in less suitable shells (Bertness, 1981) . Females at Cape Recife are not found in the two largest size classes, which may indicate that they have to make considerable trade-offs between growth and reproductive output, which may limit their maximum size.
Ovigerous and BS non-ovigerous females (non-ovigerous females collected during the breeding season and within the same size range as ovigerous females) used statistically similar suites of shells, with both found most frequently in shells of Burnupena lagenaria. However, despite these similarities in shell-use patterns, ovigerous females used significantly larger shells and attained greater average sizes than BS non-ovigerous females. Even within a single shell species, B. lagenaria, ovigerous females obtained wider, more voluminous shells than did BS non-ovigerous females. This suggests that some females within the potentially fertile size range might not breed because they inhabit inadequate shells.
The shell resource used by C. virescens at Cape Recife changes through the year. Recruitment occurs during late summer and winter, and more small species of shell are used during this period. Shells of many of the small species have large volume-to-mass ratios, which may allow small crabs to grow rapidly during winter in preparation for the breeding season.
The C. virescens population at Cape Recife shows not only size dimorphism, with males dominating large size classes, but the population's sex ratio is skewed towards females in all months except May, June, and September. During these latter months the sex ratio may be affected by the presence of relatively high proportions of juveniles, which seem to recruit at 1 : 1 sex ratio. The C. virescens population at Cape Recife therefore conforms to the predictions of Fischer's (1930 : in Wenner, 1972 hypothesis that most populations produce equal numbers of male and female offspring. However, in this instance, the proportion of females in the population increases beyond the smallest size class and then decreases in larger size classes, in agreement with Wenner's (1972) "anomalous pattern." Wenner (1972) offers several explanations for this pattern, but the suggestion that it is caused by differential growth rates between males and females best fits what has since been discovered about growth rates in hermit crabs (Fotheringham, 1975; Turra and Leite, 2000; Branco et al., 2002; Biagi et al., 2006 ; but see Fransozo and Mantelatt, 1998) . Aided by an ability to occupy larger shells than their female counterparts, small males may grow more rapidly than females, causing a smaller number to be found within smaller size classes.
Size dimorphism in hermits may be maintained in the population by increased mating success of large males (Blanckenhorn, 2005) , but is unlikely to be the result of female choice (Contreras-Garduño and Córdoba-Aguilar, 2006), or may rather be weak selection for fecundity in females (Harvey, 1990) .
The only other studies of population structure of C. virescens are those from Japan by Wada et al. (2005) at Hane Cape, and Imazu and Asakura (1994) at Bozo Peninsula. Crabs at Cape Recife showed slightly larger average sizes than those at Hane-Cape (Wada et al., 2005) , but neither males nor females reached the maximum sizes recorded at Bozo peninsula (Imazu and Asakura, 1994) . At Bozo peninsula, males were significantly larger than ovigerous females, but not significantly larger than non-ovigerous females (Imazu and Asakura, 1994) . At Cape Recife, the opposite occurred. Males had a larger mean shield length than female groupings comprising all females, all nonovigerous females and BS non-ovigerous females, but were not significantly larger than ovigerous females.
At all localities, C. virescens presents a seasonal breeding pattern with crabs breeding over 5 to 6 months during late spring, summer and autumn; it starts breeding earlier in the spring at Japanese localities (Imazu and Asakura, 1994; Wada et al., 2005) than at Cape Recife, despite this being at similar latitude. At Bozo peninsula (Imazu and Asakura, 1994) , juvenile C. virescens were found throughout the year, while at Cape Recife, juveniles were present in samples primarily between January and July, but also in low numbers in November, before the start of the breeding season, and in September, two months after the last ovigerous females were recorded. At Cape Recife, there was a strong relationship between sea surface-temperature and the proportion of ovigerous females in the population, indicating that ovigery in C. virescens is constrained by local environmental factors. Females do not appear to produce eggs at temperatures below 16°C. This finding was corroborated by comparing sea surface temperature data (MODIS-Terra 9-km nighttime sea surface temperature data to ovigery at the Hane Cape locality for the period sampled by Wada et al. (2005) . Ovigery in C. virescens at Hane Cape occurred from May to September, when sea surface temperatures were elevated above 16°C.
There was a significant positive relationship between the number of eggs produced by C. virescens at Cape Recife and female size (shield length and mass) and shell size (mass and volume). This pattern is expected because relative cost of a large adult brooding a large clutch does not increase significantly compared to a small individual brooding a smaller clutch (Heino and Kaitala, 1999) . In a review of the literature, Contreras-Garduño and Córdoba-Aguilar (2006) found that the reported percentage of correlation [sic] between clutch size and female body size obtained from regression equations ranged from 20% to 90%. At Cape Recife, the correlation is in the lower part of the range. However, there was a clear upper limit for the number of eggs that could be produced, even though most females produced fewer eggs than this. Crab and shell size were not good predictors of the number of eggs produced, but rather of the maximum number of eggs that could be produced. The variation in the number of eggs suggests that the fecundity of female hermit crabs at Cape Recife is likely limited by more than one factor. This variation was not caused by egg loss during sampling or laboratory analysis and so must represent reproductive decisions by, or constraints acting on, female crabs. It is possible that those females that produced lower than optimal egg numbers could have experienced egg predation by organisms such as Dipolydora (Williams and McDermott, 2004 ), but few shells showed worm-bored burrows and none of the crushed shells showed evidence of predatory worms living within the shells. No parasites or predators were found in any of the clutches when they were removed for counting.
In summary, the population of C. virescens at Cape Recife has comparable characteristics to those of other populations of C. virescens at similar latitudes. The Cape Recife population uses shells of mainly one species, that of Burnupena lagenaria. The shell resource changes through the year and C. virescens appears to partition the shell resource between males and females. Even though the species recruits at a 1 : 1 sex ratio, the population sex ratio is skewed towards females. Nevertheless, sexual size dimorphism means that only males reach large size classes. Reproduction is seasonal and occurs during summer and autumn. Juveniles are found throughout the breeding season, with a strong peak towards the end of the breeding season. Timing of breeding is well correlated with sea surface temperature and egg production takes place at temperatures above 16°C. It appears that ovigerous females obtain slightly, but significantly more voluminous shells than non-ovigerous females. Females show variable fecundity with increasing size, and although egg production relates positively to crab size and shell mass and volume, these variables are better predictors of the maximum fecundity than of the mean fecundity.
